In mammals characterized by a mating system in which a single male monopolizes reproduction, infanticide is reported to occur following a male take-over, often resulting in females returning to oestrus more rapidly than if their infant has survived. However, over the course of a 17-year study of golden snub-nosed monkeys, Rhinopithecus roxellana, a polygynous colobine species, we found no behavioural or suspected evidence of infanticide. Based on social network and genetic analyses, we found that more than half of the infants were sired as a result of extrapair matings (EPMs). Female golden snub-nosed monkeys initiated EPMs with bachelor or neighbouring resident males. These were considered 'sneaky' copulations because they did not occur in the presence of the leader male of the female's onemale unit (OMU). We suggest that through a process of paternity confusion, females decreased the likelihood of infanticide after a male take-over. In contrast, in a group of the same species in which the number of bachelor males was artificially reduced, EPMs were infrequent and four cases of infanticide were observed, three of them following a male take-over. Golden snub-nosed monkeys reside in a large multilevel society that develops by the fusion of several independent OMUs to form a breeding band, which is characterized by increased social cohesion and intrasexual tolerance among leader males. Females play an active role in mate choice, and engage in a diverse set of mating tactics, including counterstrategies such as EPMs to avoid infanticide. These results offer new insights into the diversity of behavioural strategies facilitated by complex social structures in nonhuman primates, as well as other social mammals.
In mammals characterized by a mating system in which a single male monopolizes reproduction, infanticide is reported to occur following a male take-over, often resulting in females returning to oestrus more rapidly than if their infant has survived. However, over the course of a 17-year study of golden snub-nosed monkeys, Rhinopithecus roxellana, a polygynous colobine species, we found no behavioural or suspected evidence of infanticide. Based on social network and genetic analyses, we found that more than half of the infants were sired as a result of extrapair matings (EPMs). Female golden snub-nosed monkeys initiated EPMs with bachelor or neighbouring resident males. These were considered 'sneaky' copulations because they did not occur in the presence of the leader male of the female's onemale unit (OMU). We suggest that through a process of paternity confusion, females decreased the likelihood of infanticide after a male take-over. In contrast, in a group of the same species in which the number of bachelor males was artificially reduced, EPMs were infrequent and four cases of infanticide were observed, three of them following a male take-over. Golden snub-nosed monkeys reside in a large multilevel society that develops by the fusion of several independent OMUs to form a breeding band, which is characterized by increased social cohesion and intrasexual tolerance among leader males. Females play an active role in mate choice, and engage in a diverse set of mating tactics, including counterstrategies such as EPMs to avoid infanticide. These results offer new insights into the diversity of behavioural strategies facilitated by complex social structures in nonhuman primates, as well as other social mammals.
© 2019 The Authors. Published by Elsevier Ltd on behalf of The Association for the Study of Animal Behaviour. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/ licenses/by-nc-nd/4.0/). Infanticide, which refers to the killing of dependent offspring, is widespread in mammals such as carnivores, rodents and ungulates (Lukas & Huchard, 2014) . Most infanticide is committed by males and its occurrence is modulated by a species' social system and male intrasexual competition (Hrdy, 1977) . Maleemale competition and infanticide are especially prevalent in polygynous species in which reproduction is monopolized by a minority of males (Lukas & Huchard, 2014) . In general, infanticide has been observed soon after a new male takes over the leadership of a breeding unit by replacing the former alpha male (Hrdy, 1977 (Hrdy, , 1979 . Infanticide is most reasonably explained as a reproductive strategy rather than a nonadaptive phenomenon (Hrdy, 1977 (Hrdy, , 1979 . The sexual selection hypothesis predicts that the new leader male can benefit by killing the previous leader's young offspring, if this results in shortening the period of female postpartum infertility, accelerating the resumption of oestrus, and thereby increasing the mating opportunities of the new leader male during his breeding tenure (Hrdy, 1974 (Hrdy, , 1979 .
Given the high cost of infanticide, females are expected to develop a set of behavioural and physiological counterstrategies to avoid infanticide and enhance infant survivorship (Hrdy, 1979 ; van Schaik, 2000) . A female's tactics include (1) remaining in a long-term consortship with a single male (Opie, Atkinson, Dunbar, & Shultz, 2013) ; (2) dispersing with her infant and the ousted alpha male or dispersing into a new group before becoming pregnant (Palombit, 2012) ; (3) forming alliances with protective males or related females to defend her infant (Silk, Alberts, & Altmann, 2003 ; van Schaik & Kappeler, 1997) ; (4) blocking her pregnancy after exposure to unfamiliar males (the Bruce effect; Roberts, Lu, Bergman, & Beehner, 2012) , as time and energy spent in continuing gestation would probably not result in viable offspring (Bruce, 1959) ; and (5) copulating with and attempting to form a social-sexual bond with more than one partner (Wolff & Macdonald, 2004) . For example, in species characterized by onemale unit polygyny (OMU, one breeding male residing with several breeding females), a female may engage in extrapair matings (EPMs) by copulating with high-ranking or high-quality males which may potentially take over the breeding position in her OMU (e.g. bachelor males or resident males of neighbouring OMUs). By confusing paternity, females reduce the infanticide risk by discouraging a male from potentially killing his own offspring after a take-over (paternity confusion hypothesis; Wolff & Macdonald, 2004) .
Cross-species comparisons show that in multimale groups, there is a related increase in mating promiscuity, and infanticide is generally less common (Lukas & Huchard, 2014) . This suggests that copulations with multiple males can be an effective female counterstrategy ( van Schaik, Hodges, & Nunn, 2000) . However, despite some evidence supporting the paternity confusion hypothesis at the comparative level (Lukas & Huchard, 2014) , it has rarely been tested directly using detailed field observations and genetic analysis. This is because (1) sneaky matings are usually silent, brief and difficult to observe under field conditions; (2) the replacement of the leader male is infrequent, and is often missed or incompletely documented; (3) infanticide is a rare event, and often occurs quickly, out of direct sight; (4) low levels of infanticide in species may be due to both the absence of male infanticidal behaviour and female promiscuity which serves as an effective counterstrategy against infanticide; and (4) genetic evidence of offspring paternity is rarely available for wild mammals.
In addition to the paternity confusion hypothesis, female extrapair mating can serve other functions. For example, EPMs enable females to copulate with unrelated males and reduce the risks of inbreeding (inbreeding avoidance hypothesis ; Foerster, Delhey, Johnsen, Lifjeld, & Kempenaers, 2003; Forstmeier, Martin, Bolund, Schielzeth, & Kempenaers, 2011; Pusey & Wolf, 1996; Wells, Ji, Gleeson, Jones, & Dale, 2017) . Similarly, female intrasexual competition within an OMU might result in less competitive females seeking copulations with extrapair males, because of limited access to their resident male (breeding compensation hypothesis; Kowalewski & Garber, 2010; Manson, 2007; Matsumoto-Oda, 1999) . To test these hypotheses, long-term studies in the wild that integrate field observation, genetic estimation and intergroup comparisons are required.
Primates offer instructive models to better understand the mechanisms driving EPMs. Across primates, there exists a range of mating and breeding systems, including monogamy, polyandry, polygyny and promiscuity. In several primate species living in polygynous groups, such as Asian leaf-eating monkeys (colobines), infanticide by a new male following the replacement of the previous leader male has been observed. Infanticide represents a highly costly result of sexual conflict to primate females, both physiologically and behaviourally (Palombit, 2015) . Compared to many other mammalian lineages, primate females are characterized by a late age at first reproduction, a long interbirth interval, a long period of gestation, the production of a small number of offspring per reproductive event and a relatively limited lifetime reproductive output (Yamagiwa, Shimooka, & Sprague, 2014) . Thus, it is reasonable to hypothesize that female physiological and behavioural counterstrategies have evolved in response to the high costs of maleemale reproductive competition. In this regard, female mate choice may play a key role in infanticide avoidance.
Golden snub-nosed monkeys, Rhinopithecus roxellana, are the northernmost species of Asian colobine, inhabiting high-altitude mountainous temperate forests in central China (Qi, Li, Garber, Ji, & Watanabe, 2009) . Like other colobines, the basic element of the social organization of this species is the OMU. However, golden snub-nosed monkeys have evolved a multilevel society (MLS), in which multiple independent OMUs live together, and form a cohesive breeding band. Juvenile and bachelor males that are not part of an OMU stay together and form one or more all-male units (AMUs) that collectively travel as an all-male band that shadows the breeding band Kirkpatrick & Grueter, 2010; Qi et al., 2014) . Bachelor males residing in the all-male band commonly challenge the resident male of an OMU in an attempt to either take over the breeding position or attract one or more adult females to leave the OMU Qi et al., 2017) . Together with some solitary satellite males, the breeding band and the all-male band compose a herd; different herds, forming a troop, may come together seasonally for a period of weeks and exchange individuals (fissionefusion; Qi et al., 2014; Qi et al., 2017) .
Female snub-nosed monkeys initiate courtship and copulations by soliciting adult males (i.e. the female prostrates and presents her rear, curls her chest, lowers her head and gives a 'kuku' vocalization; Li & Zhao, 2007) . Although females solicit mating attempts during both fertile and nonfertile periods, they are strictly seasonal breeders (Qi, Li, & Ji, 2008) . The mating season extends from late September to December and all females give birth from the following March to May (birth season). Gestation is 6e7 months (Qi et al., 2009) . Given that the leader male is generally intolerant of other males attempting to copulate with females in the OMU, EPMs occur when leader males are not present. Therefore, EPMs are best described as covert ('sneaky') copulations.
Three cases of infanticide have been documented in captive groups of golden snub-nosed monkeys in the Xi'an Zoo and the Beijing Breeding Centre of Endangered Animals (there were fewer than 10 individuals in these groups; Huang, Yong, & Du, 2001, p. 12; Zhang, Liang, & Wang, 1999) . This corresponds to the frequent reports of infanticide following a male take-over that have been documented in other Asian colobines (Teichroeb & Jack, 2017) such as the purple-faced langur, Trachypithecus vetulus (Rudran, 1973) , the silvery langur, Trachypithecus cristatus (Wolf, 1980) and the Hanuman langur, Semnopithecus entellus (Borries, Launhardt, Epplen, Epplen, & Winkler, 1999; Hrdy, 1977; Newton & Dunbar, 1994) . In a study of mating strategies in lemurs, Wright (1995) argued that infanticidal males obtained no reproductive benefits because seasonally breeding females do not resume cycling soon after losing their offspring. In the case of snub-nosed monkeys, females usually give birth every 2 years (Qi et al., 2008) . However, if an offspring does not survive to 6 months of age, the female will return to ovulation in time to conceive during the next breeding season (Qi et al., 2008) . Thus infanticide by a new leader male can be effective in reducing the female's interbirth interval (Borries, 1997) and increase the infanticidal male's opportunities to produce offspring.
However, over the course of 17 years, we have not behaviourally detected a single case of infanticide in a semiprovisioned, freeranging MLS of golden snub-nosed monkeys (GNG-herd, with 124e217 individuals including 6e13 OMUs and 19e34 bachelors residing in an all-male band) in the Qinling mountains, Shaanxi Province, China, despite the fact that resident male take-overs occur three to five times per year (Qi et al., 2009 (Qi et al., , 2014 . Thus, the following questions remain: why is infanticide so rare in golden snub-nosed monkeys and is infanticide avoidance linked to the evolution of an MLS and female EPMs? Here we examined patterns of EPMs by female golden snub-nosed monkeys in order to evaluate the degree to which EPMs function to reduce the risk of infanticide in an MLS. In the present study, we integrated data based on longterm observations of social behaviour, monitored the social dynamics of the MLS, and combined social network analysis (SNA) with genetic data based on DNA fingerprinting, to test hypotheses offered to explain female EPMs: (1) the breeding compensation hypothesis predicts that females that engage in EPMs have less access to their OMU resident male than females that have not been observed to engage in EPMs; (2) the inbreeding avoidance hypothesis predicts that the genetic distance between females that engage in EPMs and extra-unit males is greater than the genetic distance between EPM females and their resident OMU males; and (3) the paternity confusion hypothesis predicts that females engage in EPMs with leader males from other OMUs or with bachelor males that are most likely to take over the leadership of their OMU in the next 13 months (Roberts et al., 2012) . The latter hypothesis is based on a model of paternity confusion resulting in a decreased risk of infanticide (given the gestation of 6e7 months). Finally, we compared our study troop with a human-controlled group of the same species inhabiting the Shennongjia Nature Reserve of Hubei Province, China, in which several bachelors were artificially isolated from the breeding band to avoid male fighting and injury caused by reproductive conflict. In this small group of four OMUs totalling 29e42 individuals (12 adult females) and four bachelor males, EPMs are reported to be less frequent and infanticide risk is greater (Yao et al., 2016) .
METHODS

Study Site
This study was conducted in the Yuhuangmiao area, Zhouzhi National Nature Reserve, which is located on the northern slopes of the Qinling Mountains in Shaanxi Province, China (108 14 0 e108 18 0 E, 33 45 0 e33 50 0 N). The area ranges in altitude from 1400 to 2890 m above sea level, with an average annual temperature of 10.7 C (the maximum is 31.5 C in July and the minimum is -14.3 C in January). Average annual rainfall is 894 mm. Snow covers the ground during 3e4 months of the year (Qi et al., 2008) . The vegetation consists of deciduous forest (1400e2200 m), coniferous and deciduous broadleaf mixed forest (2200e2600 m), coniferous forest, bamboo forest and alpine meadow (above 2600 m; Li, Chen, Ji, & Ren, 2000) .
Study Group and Subjects
The study troop (West Ridge Troop) was composed of two herds, the GNG-herd (173 individuals) and the DJF-herd (106 individuals). Each herd consisted of one breeding band, a satellite all-male band and a number of solitary males Qi et al., 2014) . The two herds moved and foraged independently, within a partially overlapping home range; however, seasonal fissionefusion events and the transfer of OMUs and individuals between the herds has occurred (Qi et al., 2014) . Our study focused on the GNG-herd, which has been habituated and semiprovisioned since October 2001 (Qi et al., 2009) . During our study period, the GNG breeding band contained 7e14 OMUs and the all-male band included three to six AMUs Qi et al., 2017) . Each OMU had 3e19 members and each AMU contained 4e13 juvenile, subadult and adult males Qi et al., 2009 ). Based on field observations conducted over the past 10 years by our research group, we are able to individually identify all members of the GNGherd according to a unique set of physical characteristics (e.g. body size, pelage colour, hair patterns, scars or physical disabilities and lip tattoos; Qi et al., 2009) .
Detecting Infanticide
Given that infanticidal attacks can take only a few seconds or minutes from start to finish and are not common events, they can easily be missed under field conditions. Therefore, in the absence of direct observation, we used demographic data spanning an 11-year period (from 2002 to 2013) as a proxy measure to identify evidence of infanticide. The 11-year demographic data set includes a period of almost 4 years with missing data. To address this limitation in our data, we used a Fisher's exact test (Zipple et al., 2017) to compare the rates of infant (< 6-month old) deaths 6 months before and 6 months after an OMU male take-over in our study band. We chose an interval of 6 months because (1) golden snubnosed monkeys are seasonal breeders and gestation is 6e7 months and (2) females that lost an infant younger than 6 months of age will become fertile and resume mating during the upcoming breeding season. We excluded the two cases in which more than one leadership replacement occurred in the same OMU within the same 6-month period. Since some OMUs would stay in the breeding band for more than 1 year, we might repeatedly sample an OMU in several successive years. We assumed that a nonsignificant increase in infant mortality in 6 months following a male take-over would indicate the absence or a relatively low level of infanticide.
In the present analysis, we examined mating behaviour, reproductive output and paternity in the study band over a 2-year period from the 2013 mating season to the end of the 2015 birth season. Behavioural data on EPMs were collected only during the 2013 mating season, whereas paternity analyses were carried out for offspring born during both the 2014 and 2015 birth seasons. Data on the frequency of successful OMU take-overs and changes in the identity of the resident male were also recorded during the 2-year study period.
Behavioural Sampling
Behavioural sampling was conducted in the 2013 mating season, during which 43 adult females resided in 12 OMUs in the breeding band. We selected a focal OMU to follow each day, and the following day observed a different OMU based on a predetermined sequence. Then we used ad libitum sampling to record all EPMs engaged in by adult females of the target OMU. Whenever an adult female moved away from her resident male, we followed the female and used an all-occurrence recording method to record data on EPMs including solicitations, mountings and ejaculation. We also noted the behaviour of resident males towards the focal female, and whether the resident male detected the EPM, his response to the EPM and postcopulatory behaviour.
To examine evidence of female intrasexual mating competition within the OMU, we used social spacing (i.e. spatial proximity of two or more individuals) to measure social affiliation patterns (Whitehead, 2008) . We selected six OMUs randomly in our study band and collected proximity data on the resident adults (19 females and six leader males). During the 2013 mating season, all adult females were present in their respective OMUs and we observed one OMU each day based on a predetermined sequence. On each observation day, we followed OMU members for a 6 h observation period and used an instantaneous 5 min interval scan sampling method to record the spatial proximity among focal individuals (Martin & Bateson, 1993) . The spatial proximity data included the ID of the focal monkey, the ID of the nearest neighbour for both intra-and inter-OMU SNA, as well as the distance (m) of the focal female to the resident male in order to compare resident female access to the OMU leader male. As a result, among the 19 focal females, 10 were and nine were not observed to engage in EPMs.
The program SOCPROG v. 2.1 (Whitehead, 2009 ) was used to perform the SNA, and to calculate the half-weight index which represents a measure of the strength of social associations between individuals or OMUs. The half-weight index would reduce or lower errors resulting from the missing observations and generate a reasonable estimate of the interaction rates, which is commonly used in constructing animal social networks (Hoppitt & Farine, 2018) .
Genetic Sampling and Genotyping
A total of 161 individuals were used to estimate the allele frequency for paternity analysis. Noninvasive faecal and hair samples were collected for all mothereinfant pairs during the breeding seasons of 2014 and 2015. This included 70 adult males that were present during the study period (for genetic candidates as possible fathers: 51 individuals including 17e28 adult males from the bachelor band and 14 resident leader males in the breeding band), as well as 40 additional females and juveniles in the breeding band. Given that we had collected DNA samples from the GNG breeding band during past 7 years, the resolution of paternity estimation was highly accurate.
Faecal and hair samples were stored in DETs solution (20% DMSO, 0.25 M sodium-EDTA, 100 mM Tris HCl, pH 7.5 and NaCl to saturation) at -20 C and silica gel for drying, respectively. Based on the accurate and repeated sampling on mothereinfant pairs, the exact paired mothereinfant genotype could be reliably determined.
Nuclear DNA was extracted by using QIAamp DNA Stool Mini Kits (Qiagen, Hilden, Germany) for faecal sampling, and also from hair follicles using a proteinase K digestion in a PCR-compatible buffer method (Allen et al., 1998) . All samples were amplified at 20 tetra-nucleotide microsatellites (Table A1 ) in an ABI Veriti Thermal Cycler using the following protocol: 95 C for 5 min, followed by 30 cycles (94 C for 30 s, 55e60 C for 45 s, 72 C for 45 s) and 72 C for 10 min. Alleles were segregated via capillary electrophoresis with an ABI PRISM 3100 Genetic Analyser, and their sizes relative to an internal size standard (ROX-labelled HD400) were determined using GENEMAPPER v. 3.7 (Applied Biosystems, Foster City, CA, U.S.A.).
To prevent genotyping errors such as false alleles and allelic dropout, homozygote genotypes were confirmed by five independent replicates, with all heterozygotes observed confirmed by at least seven separate reactions (Teichroeb & Jack, 2017 
Paternity Analysis
A HardyeWeinberg equilibrium test for each locus was performed in GENEPOP v. 4.3 (Rousset, 2008) . A total of 83 alleles were segregated from 161 individuals at 20 microsatellites loci. The mean number of alleles per locus ±SD was 4.150 ± 0.963. The observed heterozygosity was 0.577 ± 0.112, with the expected heterozygosity being 0.574 ± 0.108 in this study. The results show a moderate level of genetic variability in the GNG-herd (Table A1 ). The Wright's inbreeding coefficient was -0.005 ± 0.056, indicating a low level of inbreeding. Critical significance levels were corrected for multiple testing following the sequential Bonferroni procedure (Rice, 1989) , and no locus significantly deviated from the HardyeWeinberg equilibrium after Bonferroni adjustment (a ¼ 0.05).
Maternity was initially determined for dependent infants that were closely associated with their mothers during faecal sample collections. DNA analyses of these samples further supported our assumption that maternal misidentification was rare. Of the 35 mothereinfant pairs identified via field observations and genetically analysed, only one mismatch was found; this was excluded from further analysis. CERVUS v. 3.0 (Kalinowski, Taper, & Marshall, 2007) was used to estimate probabilities of nonexclusion and to conduct paternity analyses.
Relatedness Estimation
To estimate the relationship between EPMs and inbreeding avoidance, the pairwise relatedness between an EPM female and the extrapair male/resident male was estimated using Lynch and Ritland's (1999) unbiased estimator, with the null allele corrected by POLYRELATEDNESS V. 1.6 (Huang et al., 2016) , in which the frequency of null alleles was estimated with an expectationemaximization algorithm (Kalinowski & Taper, 2006) . The pairwise relatedness between an EPM female and an EPM male versus an EPM female and her resident male was compared using a paired t test.
All statistical analyses were performed using the SPSS software package (v. 21.0, SPSS/IBM, Armonk, NY, U.S.A.). A two-tailed P value of less than 0.05 was regarded as statistically significant.
Ethical Note
All research protocols reported here adhere to the regulatory requirements of China and were approved by the animal care committee of the Wildlife Protection Society of China (SL-2012-42). The genetic sampling received clearance from and complied with all required protocols and was approved by the specialist committee of the State Forestry Administration of China (SFA-LHXZ-2012-2788) and the Chinese Academy of Sciences.
RESULTS
Absence of Infanticide
From 2002 to 2013, there were 14 documented leadership replacements in our study band. We excluded four take-overs that occurred in the same OMU within the same 6-month period. In the OMUs in which male take-overs occurred, infant mortality showed no significant differences: a power analysis suggests no statistically significant effect (Fisher's exact test: P ¼ 0.458; power estimate, w ¼ 0.50, power ¼ 0.688) in the 6 months following the male takeover (1/10) compared to the 6-month period prior to it (0/13). The results of our demographic data would thus indicate no evidence of infanticide in our study band.
Extrapair Matings and Paternity Analyses
During the 2013 mating season, among 43 adult females residing in 12 OMUs in the breeding band, 13 (30.2%) belonging to seven OMUs were observed to engage in 19 EPMs (Fig. 1 , for details see Table A2 ). Among these 13 EPM females, four (30.8%) were known to have copulated with more than one extrapair male. The remaining nine were observed to copulate with only one extrapair male. The majority of EPMs (73.7%, 14/19) were unobserved by leader males. Among the five (26.3%) witnessed by the OMU resident male, four resulted in this male responding aggressively towards the extrapair male and a disrupted copulation. As we were likely to have observed only a small of fraction of EPMs, we performed paternity analysis on all infants born in the 2014 and 2015 birth seasons.
In 2014, 19 infants were born. Nine had mothers that had been observed engaging in EPMs in the 2013 mating season. Two of these nine females were first-time mothers (Tables A2 and 3 ). Using DNA from faecal samples, we confirmed paternity in 84.2% (16/19) of infants born in 2014 (Table A3 ). We found that 56.3% (9/ 16) were sired as a result of an EPM. This included 43.8% (7/16) sired by a bachelor male and 12.5% (2/16) sired by a resident male from a neighbouring OMU. The remaining 43.8% (7/16) of infants were sired by their OMU leader male. This included 31.3% (5/16) sired by the current resident male in the 2013 mating season and 2014 birth season and 12.5% (2/16) fathered by the previous resident male (a male take-over happened while the female was already pregnant).
In 2015, there were 20 births in the breeding band. Using DNA from faecal samples, we ascertained paternity for 95.0% (19/20) of the fathereinfant pairs (Table A3 ). We found that 42.1% (8/19) of the infants were sired by the OMU male that was resident during the previous mating season and 57.9% (11/19) were sired by an extra-unit male. This included 36.8% (7/19) sired by a bachelor male and 21.1% (4/19) sired by a resident or leader male of a neighbouring OMU.
Thus, over the 2-year period, 17.1% of infants (6/35) were sired by a resident male from a neighbouring OMU and 40.0% (14/35) by bachelor males that resided in the all-male band. In contrast, only 42.9% (15/35) were sired by the OMU resident male. Based on these genetic results across both birth seasons, it is apparent that we had not observed several EPMs.
Resident Male Replacement and Infant Survivorship
We neither observed nor detected any cases of infanticide during 2014 or 2015. For example, adult female XBC was observed to copulate with two different bachelor males, YD and M 3 , during the 2013 mating season. While she was pregnant, in April 2014, XBC transferred from her original OMU (WX) to a new OMU (ST). She successfully gave birth in her new OMU in May 2014, 1 month following dispersal. DNA analysis revealed that her infant was sired by a neighbouring OMU resident male, LD. Her infant survived throughout the period covered by the study.
During the 2-year study period, we directly observed one male replacement. During the 2014 mating season, three females in the HB OMU engaged in EPMs with a bachelor male (WF). Subsequently, resident male HB was replaced by male WF while these females were pregnant. Each of the three females successfully gave birth during the 2015 birth season. DNA analysis revealed that WF had sired all three of these offspring (Fig. 2) . The resulting offspring were still alive at the end of this study in 2017.
Test of Inbreeding Avoidance and Female Intrasexual Competition
To test the inbreeding avoidance hypothesis, we used a paired t test to compare the pairwise relatedness of EPM females with their OMU resident males versus the extrapair male(s) they were observed to mate with (N ¼ 13), as well as the pairwise relatedness of the males that actually sired their offspring (N ¼ 9, these were not behaviourally observed but determined based on genetic testing). The result showed no significant difference in genetic . Bachelor males involved in EPMs are labelled by monkey outlines. Solid lines connecting nodes denote the level of inter-OMU (grey coloured, measured by spatial proximity between resident males) and intra-OMU bonds within the social network (green coloured between EPM females and resident males, brown coloured between non-EPM females and resident males or among females; measured by grooming between individuals). The width of the solid lines denotes affiliation with coefficients measured by the half-weight index. The sociogram was built with the matrix of half-weight indices using SOCPROG v. 2.1 (Whitehead, 2009) , and constructed by NETDRAW v. 2.118 (Borgatti, Everett, & Freeman, 2002) . Photos: Xiao-Guang Qi.
distance between the extrapair males and leader males and the breeding females (t 21 ¼ 0.089, P ¼ 0.930; Fig. 3a) .
To test the breeding compensation hypothesis, we compared the spatial proximity of EPM and non-EPM females to their resident males. We found no statistically significant difference between them (independent t test: t 17 ¼ 0.496, P ¼ 0.626; Fig. 3b ). Based on SNA, we similarly found no significant differences in the average social affiliation coefficient between females that engaged in EPMs and those observed to mate only with their resident adult male (measured by the half-weight index; Fig. 1 ; Wilcoxon test: Z ¼ 1.074, P ¼ 0.283; Fig. 3c ). To address whether these results were driven by male mating preferences or were a consequence of spatial affiliation, we used mating data from an OMU containing six adult females (five non-EPM females and one EPM female) in the following breeding season. There was no significant difference in mating frequencies of the resident male with the non-EPM and the EPM female (estimate ± SE ¼ 0.167 ± 0.261, t ¼ 0.639, P ¼ 0.568) after controlling for female fertility to ovulation. The extent of affiliation (indicated by the spatial proximity) between females and the resident male was related to the mating frequency of each pair (Pearson correlation: r ¼ 0.834, P ¼ 0.039) indicating that the EPM female and the non-EPM females probably did not differ in sexual access to their resident male.
DISCUSSION
In this study, we found that female golden snub-nosed monkeys initiated EPMs by soliciting copulations from adult males. These EPMs were described as covert (sneaky) copulations, as they principally occurred out of sight of resident males, which otherwise would have responded aggressively and attempted to interfere with the copulation. In our breeding band, 30.8% of EPM females were observed to mate with more than one extrapair male and genetic paternity analysis revealed that only 42.9% of infants were sired by the OMU resident male. This is not consistent with a polygynous system of breeding. Females that engaged in EPMs did not copulate with distantly related males more frequently than with closely related males. Similarly, they were not less affiliated with their resident male than females not observed to engage in EPMs. These results do not support the inbreeding avoidance or the breeding compensation hypothesis. However, two bachelor males that engaged in EPMs with resident females successfully replaced the OMU leader male during a period when those females were pregnant. DNA analyses showed that the offspring were sired by the new resident male, which did not attack or kill these infants. These results could provide evidence to support the paternity confusion hypothesis in our study species. Multiple partner copulations in both sexes can result in postcopulatory sexual selection via mate choice, sperm competition (Parker, 1970) and cryptic female choice (Eberhard, 1996) . In many species of mammals, females have evolved a series of alternative promiscuous copulation strategies that maximize the genetic diversity of their successive offspring (Pusey & Wolf, 1996) , prevent inbreeding or compensate for limited breeding access to the leader male by mating with extrapair males (Forstmeier, Nakagawa, Griffith, & Kempenaers, 2014) . However, our genetic results indicated that females did not engage in EPMs in order to mate with more genetically distant male partners. The SNA also demonstrated that EPM females affiliated with their resident males to the same degree as did females not observed to engage in EPMs, indicating that the females probably did not engage in EPMs as a result of intrasexual competition.
An additional factor posited to influence EPMs in female primates is paternity confusion, a reproductive tactic designed to reduce the risk of infanticidal behaviour by new males that enter and take over a group. Infanticide was first studied in Hanuman langurs (Sugiyama, 1965) ; however, it is now well documented in other Asian langur species, such as purple-faced (Rudran, 1973) and silvery langurs (Newton & Dunbar, 1994; Wolf, 1980) , which are members of the same subfamily as snub-nosed monkeys. However, over the course of our 17-year field observations of the golden snub-nosed monkeys in the Qinling Mountains, we have found no direct or suspected evidence of infanticide (Qi et al., 2014) . We argue that a change in the evolution of snub-nosed monkey social organization, moving from a single OMU to a large MLS composed of several OMUs (the breeding band) helps to explain the absence of or extremely low rate of infanticide in this species.
In most species of Asian colobines, breeding females live in spatially isolated OMUs, with each OMU occupying an independent range or territory (Kirkpatrick, 2011; Rowe & Myers, 2017) . A phylogenetic reconstruction has shown this to be the ancestral condition for Asian colobines (Grueter & van Schaik, 2010 ; also see; Qi et al., 2014) . When two OMUs encounter each other or when one OMU encounters a bachelor male, the OMU leader male typically defends the integrity of the breeding unit aggressively (Manson, 2007) . Moreover, in response to leader male mate guarding and high levels of adult male intrasexual intolerance, EPMs are greatly reduced. As a result, matings are largely restricted to the leader male and paternity certainty is assumed to be high.
However, in golden snub-nosed monkeys, hundreds of individuals are nested within a large social matrix, in which OMUs are in close proximity and coordinate their daily activities throughout the year Qi et al., 2014) . This MLS has been suggested to have evolved from the aggregation of independent OMUs (Grueter & Van Schaik, 2010; Grueter, Matsuda, Zhang, & Zinner 2012; Qi et al., 2014) and has been argued to require an increased level of social complexity and a more dynamic set of social relationships (Qi et al., 2014) . Within this MLS, the breeding band and the all-male band share overlapping home ranges. Leader males are tolerant of the presence of other leader males, but intolerant of bachelor males. Given the close proximity of neighbouring OMUs and bachelor males, females have an increased opportunity to engage in EPMs with more than one sexually mature male, which appears to function as a successful mechanism to prevent infanticide and increase reproductive success. We propose that in the tiered social organization of the MLS, females have evolved alternative behavioural tactics and play a more active role in mate choice, with female promiscuity resulting in paternity confusion and infanticide avoidance. The results of this study complement recent studies that have examined the social dynamics of the MLS (Qi et al., 2014 . We suggest that paternity confusion protects infants against infanticide. This female counterstrategy may have played a pivotal role in the maintenance and stability of the golden snub-nosed monkey MLS and possibly its evolution.
In contrast, four cases of infanticide have been documented in a human-controlled group of golden snub-nosed monkeys (Dalongtan Group) in Shennongjia Nature Reserve of Hubei Province, China (Yao et al., 2016) . This semiprovisioned group contained four OMUs In (a), there were 22 EPMs including 13 cases in which the mating was observed and nine that were genetically confirmed. For 10 of these 13 females we also had social network analysis (SNA) data (both proximity and affiliation). Nine females for which we had SNA data were found not to engage in EPMs. We used the SNA data to carry out comparisons presented in (b) and (c). The box plots show the median (the internal lines), and 25th and 75th percentiles (edges of the boxes); the whiskers represent the values within 1.5 times the interquartile range.
totalling 29e42 individuals that were separated from a freeranging breeding band (Yang, 2013; Yao et al., 2016) . Interactions between the bachelor group and the four OMUs were artificially restricted to reduce fighting and injury between bachelor males and leader males. This may have limited the opportunities of OMU females to engage in EPMs with bachelor males. Of the 539 copulations observed in 2008 and 2009 in this group, only seven (1.3%) femaleebachelor male copulations were observed. In four of these, the copulation was interrupted by the resident male prior to ejaculation. Paternity analysis showed that only one of the 13 infants (7.7%) born in 2009 and 2010 was sired through EPMs (Yang, 2013) . In this population, over an 8-year period from January 2006 to March 2014, four cases of infanticide by adult males were observed. Among them, one case occurred 7 months before the killer ousted the residential male. In the other three cases, the infanticide occurred after a new male had taken over the OMU (Yao et al., 2016; Fig. 2 ). Among primates that form an MLS , species-specific differences in dispersal patterns, aggressiveness and social bonding could result in differences in the incidence of infanticide. For example, in the two species of well-studied African Old World monkeys, the gelada, Theropithecus gelada, and the hamadryas baboon, Papio hamadryas, that form an MLS, infanticide has been reported during a leader male take-over (Mori et al., 1997; Swedell & Tesfaye 2003; Swedell, Leedom, Saunders, & Pines, 2014 ; also see the review by van Schaik, 2000) . In golden snub-nosed monkeys, both males and females disperse from their natal OMUs. Females disperse as adults and either enter another OMU in the breeding band or transfer to a different band (Qi et al., 2014) . Males disperse from their natal OMUs as juveniles and join the all-male band. Adult males are rarely aggressive towards females (Fang, Chen, Pan, Qi, & Li, 2018) . In contrast, female geladas of the same OMU are closely related, which could underlie the higher level of interfemale association patterns. As in the case of golden snub-nosed monkeys, male geladas disperse from their natal units (Snyder-Mackler, Alberts, & Bergman, 2015) . Mature bachelor males regularly harass breeding individuals and attempt to take over an OMU (Le Roux, Snydermackler, Roberts, Beehner, & Bergman, 2013; Pappano, Snyder-Mackler, Bergman, & Beehner, 2012) . For female geladas, preferences to form associations with closely related kin and avoiding harassment from bachelor males may restrain them from engaging in EPMs, leading to presumed high paternity certainty for the OMU leader male.
In hamadryas baboons, leader males show high levels of sexual coercion and females disperse from their natal OMU. This is distinct from both geladas and golden snub-nosed monkeys. Leadership replacement in hamadryas baboons is associated with a set of ritualized behaviours in which a male neck-bites and acts aggressively towards females. During and after an OMU take-over, the new leader male uses aggressive coercion to control females in his harem (Kummer, 1968; Swedell et al., 2011) . Take-over-induced stress and aggressive herding by the leader male may contribute to the low levels of EPMs in this species. It has been suggested that infanticide during take-overs may be compensated for by longterm OMU stability and the extended tenure of resident males, which is 40 months on average (Swedell et al., 2014) . Moreover, there is no organized all-male group in wild hamadryas populations Schreier & Swedell, 2010) , which may limit the opportunity for females to engage in EPMs. Thus, although hamadryas baboons, geladas and golden snub-nosed monkeys all live in a form of MLS, species differences in social relationships, dispersal patterns and male mating competition suggest that increased female mating opportunities and the rate of EPMs in golden snub-nosed monkeys enables females to confuse the paternity of offspring which appears to represent the evolution of a counterstrategy against infanticide.
In several mammalian societies, females have developed a variety of such counterstrategies. These include femaleefemale alliance formation (van Schaik et al., 2000) , maleefemale associations ( van Schaik & Kappeler, 1997) and changes in group sex ratio (e.g. females disperse from larger to smaller groups or attract more breeding males to reside in their groups; Lukas & Huchard, 2014; Teichroeb & Jack, 2017) . Similarly, golden snub-nosed monkeys use several behaviours to lower the risk of infanticide. In one case in our study, some females and leader males from different OMUs within the breeding band formed an alliance against bachelor males that attempted to take over an OMU (X.-G. Qi, personal observation). In addition, female mate choice appears to play a critical role in alpha male replacements (Fang et al., 2018; Qi et al., 2009) . After an OMU take-over, there is evidence that a number of resident females (along with their dependent infants) remain with their former resident male and together migrate into another breeding band (Fang et al., 2018) . Finally, in the face of attacks on dependent offspring by an intruder male or a new leader male, females may respond by forming coalitions and engaging in cooperative and coordinated action against the aggressive male (Yao et al., 2016) . Taken together, these behaviours appear to represent a comprehensive strategy to reduce the risk of infanticide.
In conclusion, we hypothesize that matings between female golden snub-nosed monkeys and non-OMU partners represent an effective social tool to deter infanticide. We have no behaviourally observed or suspected cases of infanticide by adult males in our study population over a period of 17 years of field research. Based on paternity analysis and observed copulations, females appear to employ a set of behavioural strategies to effectively avoid infanticide, including engaging in covert or sneaky copulations with candidate extrapair males. These findings highlight alternative reproductive strategies between female Asian colobines living in isolated OMUs and females living in an MLS, in which several independent OMUs aggregate into a highly cohesive breeding band. In this paper, we have described functional relationships between a species' social organization, breeding system, male and female mating strategies and, more specifically, the evolution of female counterstrategies to lower the risk of infanticide within a polygynous breeding system. Our research also sheds light on how changes in social complexity, that is, the evolution of independent OMUs into an MLS, affect individual fitness and behavioural strategies in social mammals.
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